Background: Three-dimensional (3D) imaging of the face is being used extensively in medicine for clinical decision making, surgical planning, and research. Nowadays, several companies are offering a broad range of 3D imaging systems, varying in price, method, and mobility. However, most planning and evaluation methods are created and validated solely with one imaging system. Therefore, it is important to analyze possible differences in the 3D surface reconstruction between different systems. Objectives: The objective of this study was to analyze differences in the 3D surface reconstruction between three systems: 3dMDface system, Vectra XT, and Artec Eva. Methods: Three-dimensional images of the face were acquired from 15 healthy patients with each imaging system. Reproducibility of each device was calculated and a comparison of the Vectra XT and Artec Eva with the 3dMDface was made. Results: All 3D imaging devices showed high reproducibility, with a mean difference of 0.18 ± 0.15 mm (3dMDface system), 0.15 ± 0.15 mm (Vectra XT), and 0.26 ± 0.24 mm (Artec Eva). No significant difference in reproducibility was found between the Vectra XT and 3dMDface, while a significant difference was found between 3dMDface and Artec Eva, and between Vectra XT and Artec Eva. The mean difference between 3dMDface and Vectra XT was 0.32 ± 0.26 mm. The mean difference between 3dMDface and Artec Eva was 0.44 ± 1.09 mm. Conclusions: All three imaging devices showed high reproducibility and accuracy. Although the Artec Eva showed a significant lower reproducibility, the difference found was not clinically relevant. Therefore, using these different systems alongside each other in clinical and research settings is possible.
Three-dimensional stereophotogrammetry (3D imaging) is being used progressively in surgical specialisms for analysis, surgical planning, and research. Some examples are the evaluation of cleft lip surgery, 3D planning and follow up of facial surgery, 3D planning and evaluation of breast surgery, 3D evaluation of lymphedema, the evaluation of polygenetic populations, and for early screening of genetic anomalies. [1] [2] [3] [4] [5] [6] Besides the excellent and realistic representation of the captured body part, the advantages of 3D imaging are the absence of ionizing radiation, fast image capturing, and easy archival capabilities. 7, 8 Three-dimensional imaging systems are available widely and are able to capture 3D images within milliseconds. Due to this wide availability, as well as differing price ranges and possibilities, different systems are used even within the same hospital. Examples of systems commonly used in Dutch clinics are the 3dMD systems, the Vectra systems, and the Artec Eva.
The 3dMD system is an active stereophotogrammetry system, of which the reliability and accuracy has been tested widely. 7, 9, 10 The Vectra systems make use of the passive technique and also have been tested for accuracy and reliability. 11, 12 The Artec Eva is a handheld camera with known accuracy, which uses continues (active) scanning of the surface. 13 The benefit of this system is that it is easy to transport and can be used in unconventional places and settings (eg, operating theatres).
Although the separate 3D imaging systems have been validated for accuracy and reproducibility, no comparison between those particular systems is known. Since most research outcomes, analysis methods, and surgical planning techniques are based on a single imaging system, it is essential to know if these validated techniques can be applied when using a different imaging system. This would make comparison of research or the setup of multicenter studies with different imaging systems possible. Therefore, the goal of this study was to test the reproducibility of and to investigate the differences between three commonly used 3D imaging systems.
METHODS

Data Acquisition
In December 2016, healthy patients who volunteered to participate in research were included in this study. Exclusion criteria were severe deformity of the face and the presence of facial hair. Three-dimensional images of the face were acquired by using three different imaging devices (Supplemental Figure 1 , available online as Supplementary Material at www.aestheticsurgeryjournal.com). The first imaging setup was the 3dMDface system (3dMDface; 3dMD, Atlanta, GA), which consists of two pods with a total of six cameras. The second setup that was used was the Vectra XT (Canfield Imaging Systems, Canfield, OH), which has three pods with a total of six cameras. The last imaging setup was the Artec Eva (Artec, Luxembourg), which is a handheld scanning device that has three cameras. For the Artec Eva, the patient is scanned by moving the scanner manually around the patient. Three-dimensional images of the face were acquired twice with all imaging devices by an experienced user. For all 3D images, the patient was instructed to maintain a neutral facial expression during image acquisition. All patients gave written informed consent prior to data acquisition. The guidelines of the Declaration of Helsinki were followed during this study.
Data Analysis
For data analysis, all 3D images were loaded into Maxilim (Maxilim V2.3.0; Medicim, Mechelen, Belgium). To determine the reproducibility of every system (intrasystem accuracy), the first 3D image of every patient was matched onto the second 3D image for every imaging system separately ( Figure 1 ). This was performed by a surface-based matching algorithm (iterative closest point [ICP] ). 14 To determine the differences between the two 3D images, from each point on the first image the closest distance towards the second image was calculated. The differences between the images were visualized by making a color-coded heat map ( Figure 2 ).
To determine the differences between the imaging systems (intersystem accuracy), the 3D images obtained by the Vectra XT and Artec Eva were matched onto the 3D images obtained by the 3dMDface system. To do this, the first-obtained 3D image for each imaging device was used for every patient. To determine the differences between both 3D images, the distance between both surfaces was calculated at each point. The region of the eyes is known to have significant errors in the 3dMD and Vectra 3D image; therefore, this region was excluded from the surface-based matching and further data analysis.
Statistics
To analyze the reproducibility and the differences between 3D imaging devices, the absolute mean distance, the 95th percentile (p95), and standard deviation (SD) were calculated for each matching of the 3D images. One-way ANOVA with post hoc analyses was performed to determine differences between imaging devices. One-sample t tests were performed to determine if the difference between the Vectra XT or Artec Eva and the 3dMDface system were different from zero. A P value of <0.05 was considered statistically significant. All statistics were performed using IBM SPSS Statistics, Version 22 (IBM Corp., Armonk, NY).
RESULTS
Fifteen healthy patients were included in this study (6 male and 9 female; mean age, 37 ± 12 years; age range, 24-59 years).
Intrasystem Reproducibility
The mean absolute difference, SD, and p95 between the two 3D images acquired with the same scanning system are shown in Table 1 . One-way ANOVA analysis showed a significant difference between the imaging systems (sum of squares = 0.101, F = 5.499, P = 0.008). Post hoc multiple comparisons analysis showed a significant difference between the Artec Eva and the 3dMDface system (0.9 mm, P = 0.016), and between Artec Eva and Vectra XT (0.1 mm, P = 0.003). No significant difference was found between the 3dMDface system and the Vectra XT (P = 0.535). A box plot of the results is shown in Figure 3 . 
Intersystem Reproducibility
The mean absolute differences between the Vectra XT and 3dMDface system and between the Artec Eva and 3dMD-face system are shown in Table 2 . The mean absolute difference between the Vectra XT and 3dMDface system was 0.32 ± 0.26 mm. The mean absolute difference between the Artec Eva and 3dMDface system was 0.44 ± 1.09 mm. One-sample t tests showed a significant difference for both the Vectra XT (P < 0.00) and the Artec Eva (P < 0.00) compared with the 3dMD system. A box plot of the results is shown in Figure 4 . A color-coded heat map of the differences between the systems is shown in Figure 5 .
DISCUSSION
This study investigated the reproducibility and accuracy of three different 3D imaging systems. To the best of our knowledge, this is the first study that compares these three systems for facial imaging. The 3dMDface system and the Vectra XT showed the highest reproducibility (0.18 ± 0.15 mm and 0.15 ± 0.15 mm, respectively), which did not differ significantly from each other (P = 0.535). The Artec Eva showed a reproducibility of 0.26 ± 0.24 mm, which was significantly different from both the 3dMDface system and Vectra XT (P = 0.016 and P = 0.003, respectively).
To evaluate the differences between the imaging systems, both the Vectra XT 3D image and the Artec Eva 3D image were matched onto the 3dMD 3D image. The 3dMD is the imaging system that is covered most extensively in the literature, and therefore this system was chosen as the golden standard. 9,10,14-16 The Vectra XT showed a mean difference with the 3dMDface system of 0.32 ± 0.26, which was significantly different (P < 0.00). The Artec Eva showed a mean difference with the 3dMDface system of 0.44 ± 1.09 mm, which was also significantly different (P < 0.00). A representative heat map of the differences between the systems is shown in Figure 5 . While the differences between the 3dMDface and Vectra XT give a random pattern, the 3D image made with the Artec Eva is overall bigger, resulting in an entire green difference map.
Literature
Dindaroğlu et al investigated the accuracy of the 3dMD system by performing anthropomorphic measurements on 80 patients, and reproducing those measurements on the 3D image made by the 3dMD system. 7 They reported an average error of 0.21 mm. Weinberg et al performed a similar study to investigate anthropomorphic accuracy of the 3dMD system and reported an average accuracy of 0.26 mm by comparing anthropomorphic measurements on mannequin heads with measurements based on the 3dMD 3D image. 10 De Menezes et al investigated the accuracy of the Vectra system, which was reported as 0.02 ± 0.03 mm by measuring a cubic object. The intrasystem reproducibility was investigated by twice measuring the distance between several landmarks on the face of 10 patients. They reported a mean absolute difference between 0.13 (nasion-subnasale distance) and 1.19 mm (mouth width). 17 An accuracy of 1.33 mm was found by Metzler et al for anthropomorphic measurements on a mannequin head, after excluding 10% of the measured landmarks due to incorrect measurements. 11 For the Artec Eva, Modabber et al reported a mean error of 0.23 ± 0.05 mm by measuring the error of a scanned Lego brick attached to the forehead of a patient. 13 A mean error of 0.24 ± 0.09 was reported with the same method for the cheek region.
These studies justify our choice to consider 3dMD as our golden standard. The reproducibility and accuracy that was found in our study is in the same range as the accuracy of these systems reported in literature. However, our measurement method is slightly different. All of these studies report accuracy by measuring distances between landmarks in the face. Therefore, they have only a limited number of measurement points in the face. Our study measures the difference between two 3D images based on all data points that are present in the 3D image. Therefore, we show the error of the total 3D image. On the other hand, the disadvantage of our method is that we can draw conclusions only for the whole face at once, and cannot distinguish errors in different parts of the face.
No comparisons between the 3dMD face, Vectra XT, and Artec Eva were found in the literature.
Possible Errors
As the region of the eyes is known to have significant errors in the 3dMD and Vectra 3D image, this region was excluded from the surface-based matching and data analysis ( Figure 6 ). 18 Therefore, the results described in this article do not apply to this region.
While the 3dMDface system and the Vectra XT both acquire several images at the same moment (acquisition time ~1.5 ms and ~3.5 ms, respectively), the Artec Eva uses continuous scanning of the face to construct a 3D image. Scanning of the face with the Artec Eva takes approximately 20 seconds for experienced users. During this relatively long scanning time, it is possible that minor differences in the facial expression of the patient appear, leading to a less accurate 3D image. This might explain the lower reproducibility and accuracy found for the Artec Eva.
Advantages and Disadvantages
An advantage of the Artec Eva is that it is a mobile scanner, giving the opportunity to make 3D images on any desired location. However, more experience and training is necessary to be able to correctly capture correct 3D images of the face. Furthermore, manual data processing is required before the 3D image is adequate for analysis or surgical planning, which will cost an experienced user a few minutes. Therefore, imaging with the Artec Eva is often performed by an experienced researcher. The 3dMDface system and A B Figure 5 . A representative, color-coded heat map of the differences between (A) the 3dMDface system and Vectra XT, and between (B) the 3dMDface system and Artec Eva, based on the 3D images of a 25-year-old male. As can be seen, the resulting 3D image from the Artec Eva is overall bigger, while the Vectra XT shows a more random difference pattern.
Vectra XT are not mobile and have higher costs. However, those systems require less training, have faster image acquisition and capture the complete face in a single moment (1.5 ms and 3.5 ms, respectively). Acquiring images with these systems in a clinical workflow is fast and easy and often performed by a nurse in the outpatient clinic. With a price of less than €15,000, the Artec Eva is the cheapest of the systems. Both the 3dMDface system and Vectra XT cost around €40,000. The Vectra XT also offers the possibility to make 3D images of the torso, while the 3dMD system can be upgraded by adding more pods, resulting in a bigger field of view. Also, the 3dMD pods can be adjusted easily in settings and position, making the system more flexible and suitable for research purposes and specific clinical applications.
Differences Between Systems
Although the differences in the reconstructed surfaces found between the imaging systems are significant, they are not directly clinically relevant, as they were all under 0.5 mm. Furthermore, a small difference in the patient's face will occur in between image acquisitions. This is known to be around 0.25 mm average for sequential images, and 0.36 mm for images with a time difference of six weeks. 19 However, these differences will be present for every imaging system. This indicates that 3D images of those three systems are comparable with each other in terms of accuracy, and that these systems can be used simultaneously in, for example, multicenter studies.
CONCLUSION
The 3dMDface system and the Vectra XT have similar reproducibility, while the Artec Eva has significantly lower reproducibility. The Vectra XT and Artec Eva showed a small mean difference with the 3D camera from 3dMD. However, the differences found were not clinically relevant, indicating that 3D images of all three systems are comparable and can be used simultaneously in multicenter studies. The main advantage of the Artec Eva is that it is a mobile scanner, while the 3dMDface system and Vectra XT are rigid systems that cannot be transported easily. Also, the costs of the Artec Eva are significantly lower than the costs of the 3dMDface system and Vectra XT. However, the Artec Eva requires more acquisition time and is therefore more prone to movement artifacts. Furthermore, the data processing for the Artec Eva is performed manually. In contrast, the 3dMDface system and Vectra XT have fast acquisition times and have 3D images almost instantly available for analysis and surgical planning. 
